We examined the effect of occlusal disharmony in senescence-accelerated (SAMP8) mice on plasma corticosterone levels, spatial learning in the water maze, fos induction, hippocampal neuron number, expression of glucocorticoid receptors (GR) and glucocorticoid receptor messenger ribonucleic acid (GRmRNA) in hippocampus and inhibitor of glucocorticoid (metyrapone).
Introduction
Proper occlusal maintenance is important for patient health. Clinically, there are a number of patients in whom temporomandibular arthrosis, i.e., pain in the craniocervical region, and shoulder stiffness are alleviated by occlusal improvement 1, 2) . Therefore it has suggesting that malocclusion may be causally related to these disorders.
Further, experimental occlusal interference in humans induces changes in brain waves corresponding to feelings of discomfort 3, 4) . In rats, the application of a bite-raising device increases catecholamine secretion in the central nervous system (including the hypothalamus), corticosterone (CO) concentrations in the blood, and glucocorticoids (GC) in the urine [5] [6] [7] . Bite-raised mice also have impaired spatial cognitive ability, a hippocampal-dependent function in association with morphologic changes in the hippocampus [8] [9] [10] [11] . These findings suggest that bite-raising, as a chronic stressor, induces systemic stress responses via the central nervous system. Here we describe the latest findings regarding the bite-raised condition and stress.
Effect of the bite-raised condition on spatial cognitive ability
We produced a bite-raised mouse model in which a high occlusal height is maintained by applying dental light-polymerized resin to the maxillary molar regions. Bite-raised mice and age-matched mice were trained in the Morris water maze beginning 8 days after resin application to evaluate spatial cognitive ability [8] [9] [10] [11] . This test is commonly used to examine spatial cognitive ability related to hippocampal function [12] [13] . The test apparatus consisted of a 90-cm circular pool with a total depth of 30 cm, filled with water to 23 cm. Within this pool, a 12-cm diameter platform was placed 1 cm below the water surface. Styrene beads (1-2 mm diameter) floated on the water surface so that the platform could not be seen. Three-, 5-, and 9-month-old mice were placed into the pool 4 times per day everyday for 1 week, and the time required for the mice to reach the platform was measured. Initially, the mice swam about at random until they incidentally encountered the platform. With repeated The results of the Morris water maze training in the bite-raised and control groups are shown in Fig. 1 . In both the bite-raised and control groups, the time required to reach the platform gradually decreased in all age groups, indicating that the task could be learned. The rate of the decrease in the time required to reach the platform was slower in the 9-month-old bite-raised mice than in the age-matched control mice. There were no significant differences, however, in the rate at which 3-and 5-month-old bite-raised or control mice learned to reach the platform. Spatial cognitive ability decreases with age 14) , and our findings indicate that this age-related impairment is further enhanced by the bite-raised condition.
Relationship between the bite-raised condition and input activity to the hippocampus Spatial cognitive ability depends on hippocampal function, and is therefore disrupted if the hippocampus is damaged 15) . Increased synaptic input to hippocampal neurons can initiate expression of the c-fos gene, which in turn increases the production of Fos protein 16, 17) . Therefore, the level of input to the hippocampus can be estimated by examining Fos protein expression 18) . We monitored Fos protein expression in 3 hippocampal regions (CA1, CA3, and dentate gyrus (DG)) of bite-raised and control mice after a 1-week Morris water maze training period 8) (Fig. 2 ). The numbers of Fos-positive cells in these 3 hippocampal regions decreased with aging in both the biteraised and control groups. In the bite-raised groups, however, the number of Fos-positive cells in the CA1 region was significantly smaller than that in the age-matched control groups, but there were no significant differences in the CA3 and DG regions between the two treatment groups. These results indicated that the amount of input to the hippocampus was lower in the bite-raised mice as compared with controls.
External information is transmitted to the hippocampus and coded; output from the CA1 region then projects to the cerebral cortex association area where long-term memory is formed 15) . Our results from the Morris water maze test and the Fos protein expression patterns suggest that malocclusion decreases input activity into the cerebral cortex association area from the hippocampus, thereby disrupting the formation of long-term memory.
Effects of the bite-raised condition on age-induced hippocampal cell death
Aging is accompanied by characteristic changes in the are expressed as the mean latency(mean ±SEM, n = 6 for each group) to reach the platform from four trials per day. Note that 9-month-old bite-raised mice required a significantly longer time to reach the platform than age-matched controls. hippocampus, including reduced hippocampal-dependent spatial cognitive ability and the death of hippocampal neurons 14, 15) . Because bite-raised mice have reduced spatial cognitive ability, we examined the relationship between the bite-raised condition and the number of hippocampal neurons 10) . After completion of the Morris water maze training, the hippocampus was removed from mice anesthetized with an overdose of pentobarbital, thinly sectioned, and stained by the Nissl method. The number of neurons in each hippocampal region (CA1, CA3, and DG) was counted (Fig. 3) . The number of pyramidal cells in the CA3 region was significantly lower in the 9-month-old bite-raised mice compared to agematched control mice (Fig. 4 ). There were no significant differences in the number of neurons in the CA1 and DG regions between the bite-raised and control groups. In the 3-and 5-month-old mice, there were no significant differences in the number of neurons in any of the 3 hippocampal regions between the bite-raised and control groups. Although the number of neurons in each region declined with age, bite-raising reduced the number of cells only in the CA3 region in the 9-month-old group relative to age-matched controls. These results indicate that bite raising accelerates some of the the hippocampal changes induced by aging.
Relationship between the bite-raised condition and GC levels
Among GCs, cortisol is the primary steroid released in response to stress in primates, whereas corticosterone (CO) is primarily secreted in rodents 19) . Because the changes in behavior and hippocampal cell morphology observed in 9-month-old bite-raised mice are similar to those induced by chronic stress or long-term GC administration 20, 21) , the blood CO concentration was measured in bite-raised and control mice 10) . There were no significant differences in the blood CO concentration in the 3-and 5-month-old mice between the bite-raised and control groups (Fig. 5) . The blood CO concentration, however, was significantly higher in the 9-month-old bite-raised mice than in the age-matched control mice. Blood GC and brain catecholamine concentrations are increased after the application of a bite-raising device to the incisors in rats [5] [6] [7] , indicating that bite-raising acts as a stressor. These findings suggest that bite-raising increases the blood GC concentration, thereby inducing the death of hippocampal neurons. This notion is further supported by the decrease in the number of CA3 pyramidal neurons in 9-month-old bite-raised mice relative to the agematched control mice.
Effects of GC antagonists on bite-raising induced impairments
To confirm that GCs (specifically CO) induce functional and morphologic changes in the hippocampus, a GCs synthesis inhibitor, metyrapone 22, 23) , was administered to mice, and the effects of the bite-raised condition on Morris water maze training and the number of hippocampal neurons were examined 9) . Metyrapone administered to 9-month-old bite-raised mice attenuated the increase in the blood CO concentration, as well as the impaired performance in the Morris water maze, and hippocampal cell death 9) . These results together with those of previous studies on stress effects strongly suggest that endogenous CO, which is increased by bite-raising, induces functional and morphologic changes in the hippocampus.
GC receptor involvement in malocclusion
GC have an important role in maintaining homeostasis under stressful conditions 19) . Corticosteroids are broadly divided into GC and mineral corticoids 19) . Both mineral corticoid receptors (MR) and GC receptors (GR) are present in the brain; MR activity is dominant at low blood CO concentrations, whereas GR activity is dominant at high blood CO concentrations 19, 24, 25) . Therefore, GR are considered to have an important role under chronic stress conditions when the B concentration is high. GR, which are widely distributed in the brain, are present in the CA1 and DG regions of the hippocampus 19) . The binding of secreted GC to GR in the hippocampus induces a negative feedback mechanism that controls the hypothalamic -pituitary -adrenocortical axis, resulting in the suppression of GC secretion 26) . Down regulation of GR and GR mRNA in the hippo- formation. Note that there were fewer pyramidal cells within the CA3 region of 9 month-old bite-raised mice than in the 3-to 5-month-old bite-raised mice. There were no differences between groups in the CA1 and DG regions. *: p < 0.05. Fig. 4 . Effect of the bite-raised condition on neuron number in the hippocampal formation. The results are expressed as the mean number of neurons/mm 2 (mean ±SE, n = 5 for each group). Note the greater reduction in the number of neurons in the CA3 subfield of the 9-month-old bite-raised mice than in the 3 and 5-month-old mice. There were no differences between groups in the CA1 and DG subfields. *: p < 0.05. Fig. 5 . Effect of the bite-raised condition on plasma CO levels. Mean (±SE) plasma CO levels (ng/ml) in control and bite-raised mice (n = 4 for each column). Note the significant increase in plasma CO levels in 9-month-old bite-raised mice compared to control mice. *: p < 0.05. campus generally occurs under chronic stress conditions [26] [27] [28] [29] . We examined the changes in GR and GR mRNA levels in the hippocampus of bite-raised mice by immunohistochemical and in situ hybridization methods (Figs. 6, 7, and 8). The GR level was decreased in the CA1 and DG regions of 9-month-old bite-raised mice (Figs. 6 and 7), and GR mRNA levels were decreased in the CA1, CA3, and DG regions (Fig. 8, Table 1 ). Generally, the blood GC concentration increases with aging 30) , and increased GC levels can accelerate brain aging 29) . These findings indicate that in 9-month-old mice, chronic stress induced by the bite-raised condition increases the blood GC concentration, consequently downregulating GR mRNA and GR in the hippocampus. Thus, the negative feedback from the hippocampus to the hypothalamus is suppressed, and a further increase in GC may induce damage to hippocampal neurons.
Conclusion
Nearly all published studies of the effects of malocclusion on stress responses are dental case reports. Only recently has malocclusion as a stressor been experimentally induced and scientifically studied. Here we present evidence that bite-raised induced malocclusion is a stressor in older mice. The results of several studies indicate that 9-month-old bite-raised mice have an increased CO concentration, a decreased number of CA3 hippocampal neurons, and impaired spatial learning ability. Further studies are needed to confirm and clarify the systemic effects of malocclusion. 
